The viscosity of the mantle is important to theories of convection and continental drift and also to the understanding of the earth's external gravity field. Until recently, however, the processes causing creep in solids under the low stresses present within the earth were obscure, and there were no estimates of the viscosity of the lower mantle. In this paper the use of a stress-independent viscosity is justified, and the Navier-Stokes equation is applied to creep within the mantle, to investigate how this viscosity may vary with depth within the earth and to estimate the viscosity of the lower mantle from the nonhydrostatic equatorial bulge. The viscosity is shown to be 6 X 10 '•ø (stokes), and this high value prevents both convection in the lower mantle and polar wandering.
INTRODUCTION
The viscosity of the earth's interior is important in many geophysical problems. It is essential to any calculations on convection withh• the mantle and must govern continental drift and tectonics of the crust. Whether polar wandering takes place will be decided by the earth's vis½osily, and the harmonics of the external gravity field may perhaps be related through the viscosity to temperature differences within the mantle. However, until the nonhydrostatic bulge was discovered, there was no method of estimating the viscosity of the mantle below a depth of perhaps 1000 km. The reasons for'this ..ire (see section 6) that the deformation produced by a surface load takes place in the upper mantle and never reaches the lower mantle, however large the dimensions of fhe load may be. Only a body force, like rotation, is able to deform the lower mantle.
The classical method of estimating the kinematic viscosity of the mantle is to measure the isostatic uplift after a known load has been removed from the surface. Haslce•l's [1935] There was no method of estimating the viscosity of the lower mantle until MacDonald [1963] pointed out that the nonhydrostatic bulge could only be supported by a highly viscous lower mantle. He suggested a viscosity of 10 '•' stokes, which is supported by the analysis given below. Before any calculations can be made, it is necessary to show that there is a difference between the nonhydrostatic bulge and the other harmonics of the external gravity field. This difference becomes clear in section 2, where the energy stored in each harmonic is calculated. The bulge contains more energy than any other component.
Many attempts have been made to relate •he rate of strain in a solid to the stress applied, but most of the equations produced are empirical and are based on laboratory studies under conditions very different from those within the earth. Zharkov [1963] and Gordon [1965] have discussed what mechanisms can produce creep in a solid when the stress is small, and both believe diffusion creep to be the dominant mechanism within the earth. Kaula [1963] calculated the elastic shear energy in the nonhydrostatic bulge to be 2 X 10 • ergs. Table I shows that the gravitational energy in the bulge is 2 X 10 • ergs. Thus the neglect of the elastic forces will introduce a 10% error, which is small compared with the other uncertainties.
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The nonhydrostatic part of the equatorial bulge was not discovered until the external gravity field could be determined from the motion of satellites. In this section the gravitational energy stored in the bulge is shown to be much greater than that in any other coefficient, and thus suggests it has a different origin. Section 4 requires the gravity field of a layered sphere that has small distortions in the surface of each layer. The revelant expressions are derived here because they have not been found in the literature.
Outside the earth the gravitational potential is not particularly good, especially for the low harmonics. However, it is clear that the energy in the X• ø harmonic is very much greater than that in any other. There are several possible methods of produc•g slight deviations from spherical s•-merry of the density distribution, but it is di•-cult to undersland why the axis of rotation should also be the axis for these deviations. Yeffre•s [1963] believes that the manfie has finite strength and has supported the density differences required for the gravity field since the earth was formed.
•owever, considerations of the mechanisms involved in creep in solids at high temperatures and low stresses do not support. the idea of finite strength Another suggestion [Wang, 1966] is that the nonhydrostatic bulge will vanish when the rebound of formerly glaciated areas is complete. The nonhydrostatic equatorial bulge produces shearing stresses which cause the earth to creep toward hydrostatic equilibrium. If the stress is •su•cient to cause dislocations to move through the crystal, the only creep mechanism is diffusion of aloms or vacancies along gra• boundaries or lhrough the crysial lattice [Gordon, 1965] . Herring [1950] 1963; Gordon, 1965] , nor does such a theory explain the orientation of the excess mass. Another cause of the density irregularities may be a temperature distribution with smalI differences from .spherical symmetry, caused either by convection or by the nature of the solutions to the heat conduction equation when the conductivity is a function of temperature. Since Tozer [1965] shows that the Coriolis force can be neglected throughout the mantle, the only way in which the rotation can affect convection and heat flow is through the boundary conditions, which are given on a spheriod rather than on a sphere. Under these conditions a theorem due to yon Zeipel [Eddington, 1926] prevents the surfaces of constant pressure from being isothorns, and slow circulation will take place unless the earth has finite strength. The equations which govern the flow are complicated, and no solution has been attempted. In any case it is unlikely that this effect is important, since the Two approximations have been made in the derivation of (23). The first is that a region of constant •scosity separated by sharp spherical boundaries is a good model for the mantle and is probably valid. The second is that buoyancy forces due to temperature variations can be neglected. It has been shown (section 2, appendix 2) that these forces are unable to produce the observed gra•ty field by themselves, but it is di•cult to prove that they cannot interact through the two noOnear terms, • = •(T) and v. VT, to produce the observed field. However, such effects are neglected.
4001
The Laplace transforms of (23) In this model the damping of the wobble will be rapid and will take place in the viscous shell. If the angular velocity is changed, however• the nonhydrostatic bulge produced will be permanent because it will be caused by the shape of the rigid core, even though the shell will quickly flow to make the outer surface an equipotential. If the continents are floating in the outer shell, the Ebtv6s force on them will not cause polar wandering because the rotational axis is fixed by the central core. This force may cause them to drift toward the equator if the viscosity of the shell is sufficiently small. Such a model will also allow isostatic adjustment to any surface load. In this calculation the slow convection caused by the rotation, which Verhoogen [1948] believes to be important in orogenic processes, has been neglected. Full calculations are in progress, but it will be surprising if the simple calculation above is wrong.
APPENDIX 3
Wang [1966] has suggested that the nonhydrostatic bulge is a relic of the last glaciation. During the last ice age most of the ice was concentrated in polar regions and remained there long enough to become isostatically compensated. When the ice caps melted, the deformation remained and now causes the nonhydrostatic external gravity field. It is shown below that this effect would indeed produce a bulge of the right sign and order of magnitude. However, isostatic rebound has reduced the deformalton by a factor of about 10 since the ice melted, so that this suggestion also gives a value which is an order of magnitude smaller than The external field has changed, however, since the ice melted. In the places where isostatic uplift has been measured [Farrand, 1962] , only about a tenth of the glacial downwarp remains. It is likely that the same is true of Siberia and Antarctica, which also carried larger ice sheets in the last ginclarion. Thus isostatic adjustments have reduced J.
• from ,--10 -• to --, 10 -•, or an order of magnitude too small to explain the observations.
